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Many members of the serine protease inhibitor (serpin) family are activated by glycosaminoglycans (GAGs). Visceral adipose tissue-derived serpin (vaspin), serpin A12 of the serpin family, and its target protease kallikrein 7 (KLK7) are heparinbinding proteins, and inhibition of KLK7 by vaspin is accelerated by heparin. However, the nature of GAG binding to vaspin is not known. Here, we measured vaspin binding of various glycosaminoglycans and low molecular weight heparins by microscale thermophoresis and analyzed acceleration of protease inhibition by these molecules. In addition, basic residues contributing to heparin binding and heparin activation were identified by a selective labeling approach. Together, these data show that vaspin binds heparin with high affinity (K D ‫؍‬ 21 ؎ 2 nM) and that binding takes place at a basic patch on top of ␤-sheet A and is different from other heparin-binding serpins. Mutation of basic residues decreased heparin binding and activation of vaspin. Similarly, reactive center loop insertion into sheet A decreased heparin binding because it disturbs the basic cluster. Finally, using vaspin-overexpressing keratinocyte cells, we show that a significant part of secreted vaspin is bound in the extracellular matrix on the cell surface. Together, basic residues of central ␤-sheet A contribute to heparin binding and activation of vaspin. Thus, binding to GAGs in the extracellular matrix can direct and regulate vaspin interaction with target proteases or other proteins and may play an important role in the various beneficial functions of vaspin in different tissues.
Vaspin (serpin A12) was identified in adipose tissue of the OLETF rat type-2 diabetes model and functions as an antidiabetic and anti-atherogenic adipokine in obesity-related disorders, such as insulin resistance and inflammation (1, 2) . Insulin-resistant mouse models exhibit improved glucose tolerance after intraperitoneal vaspin application (3, 4) , and transgenic mice overexpressing vaspin are protected from diet-induced obesity and comorbidities, such as glucose intolerance, insulin resistance, and adipose tissue inflammation (5) . We found that intraperitoneal and central administration of vaspin leads to reduced food intake and blood glucose in mice (6) . A recent study demonstrated that central vaspin regulates hepatic glucose production and insulin signaling via brain-liver communication through the dorsal vagal complex (7) . In endothelial and vascular smooth muscle cells, multiple studies demonstrated anti-apoptotic (8) , anti-inflammatory (9) , and anti-migratory (10) effects of vaspin, suggesting a protective role in the pathogenesis of atherosclerosis. In skin, vaspin expression by keratinocytes suppresses the expression and release of inflammatory cytokines by immune cells (11) and possibly regulates the activation of proinflammatory cytokines, such as chemerin, via KLK7 (12) . Whereas vaspin-mediated improvement of glucose tolerance and reduction of food intake were found to be dependent on protease inhibition (4, 13) , anti-inflammatory effects in the liver have been linked to interaction with a membrane-associated endoplasmic reticulum chaperone protein (5) .
The only protease target of vaspin known so far is human KLK7 (4), a member of a family of 15 serine peptidases with chymotrypsin-like specificity (14) . A non-inhibitory vaspin mutant failed to improve glucose tolerance in obese mice, proving that protease inhibition is a prerequisite for vaspin effects on glucose disposal (4) . Human insulin is a substrate of KLK7, and vaspin and KLK7 are co-expressed in murine pancreatic islets. We hypothesized that KLK7 inhibition by vaspin may prolong insulin action and increase glucose uptake in insulinresponsive tissues, such as adipose tissue, liver, muscle, and also brain.
We have recently reported that the inhibition of KLK7 by vaspin is critically dependent on an arginine residue in proximity to the reactive center loop (RCL), 2 because the native P1Ј glutamate residue is essentially repressing inhibition of KLK7 (15) . Inhibition of KLK7 by vaspin is furthermore accelerated by heparin (15) . Yet, the nature of the interaction between glycosaminoglycans and vaspin has not been explored in much detail. * This work was supported by the European Union and the Free State of Saxony (to J. T. H.) and by Deutsche Forschungsgemeinschaft SFB1052 "Obesity Mechanisms" Grants C4 (to N. S.), C7 (to J. T. H.), and B5 (to A. S.). The authors declare that they have no conflicts of interest with the contents of this article. □ S This article contains supplemental Fig. 1 and Spectra S1-S8. 1 In this study, we have characterized the binding of unfractionated heparin (UFH), low molecular weight heparins (LMWHs), chondroitin sulfate (CS), and dermatan sulfate (DS) to vaspin and their effects on KLK7 inhibition. Furthermore, we have identified basic residues contributing to heparin binding and localized the putative heparin binding site in vaspin. This binding site is located at a basic cluster on ␤-sheet A and differs from all known heparin binding sites in other serpins. Third, using a vaspin-overexpressing cell line, we found a major part of secreted vaspin bound in the extracellular matrix, demonstrating the physiological relevance of this interaction.
Results

Binding of Vaspin to Heparin and Defined Heparin Oligomers-
We performed microscale thermophoresis (MST) experiments to investigate the interaction of heparins and further GAGs with vaspin. Unfractionated heparin is bound with high affinity and a dissociation constant (K D ) of 21 Ϯ 2 nM (Fig. 1A) . The low molecular weight heparin enoxaparin (4 -24 saccharide units) was bound with a K D of 99 Ϯ 16 nM ( Fig. 1B) . SDS-denaturation tests ruled out nonspecific binding independent of protein structure (data not shown). No binding was observed for short heparin oligosaccharides of 5 units (fondaparinux) and 8 units (dp8) as well as for the GAGs dermatan sulfate and chondroitin sulfate (Fig. 1C ).
Activation of Vaspin by GAGs-Heparin accelerates KLK7
inhibition by vaspin most likely by bridging both proteins in a ternary complex rather than inducing conformational changes in the inhibitor (15) . As also implied by the binding data, neither the 5-mer fondaparinux nor an 8-mer dp8 accelerated complex formation. Notably, also the low molecular weight heparin enoxaparin was not able to accelerate protease inhibition ( Fig.  2 ). Thus, longer saccharide chains of more than 20 units are required to bridge vaspin and KLK7. For the GAGs dermatan and chondroitin sulfate, a slight increase in KLK7 inhibition was observed at ratios above 12.5 (GAG/serpin) ( Fig. 2 ). Because we did not observe binding of DS or CS by vaspin in MST experiments, this slight increase is probably due to moderate activation of KLK7, as reported previously (16) .
Basic Residues Surrounding Helix D or Helix H Do Not Contribute to Heparin Binding-To locate the heparin binding site in vaspin, we first investigated potential basic residues in known binding sites of other heparin-binding serpins. For antithrombin (AT) or heparin cofactor II, the heparin binding region is located at helix D, whereas protein C inhibitor (PCI) binds heparin primarily with basic residues in helix H and also helix D (reviewed in Ref. 17) . By superposition of the X-ray structures of vaspin and AT bound to heparin, we located Lys 40 , Arg 42 (of helix A), and Lys 110 as potential binding residues within helix D. In comparison with AT and heparin cofactor II, vaspin lacks further basic residues in helix D. Superposition with heparinbound PCI revealed Arg 50 (of helix D) and Lys 254 and Arg 294 within helix H as candidate residues. Mutation of all of these residues did not alter heparin binding analyzed by heparin affinity chromatography (data not shown). Also, the previously reported R302A mutant, corresponding to the binding site for heparin in kallistatin, did not affect heparin binding and activation ( Fig. 3, A and B) .
Selective Modification of Lysine Residues-Subsequently, we specifically modified lysine residues by acetylation using a sulfo-NHS-acetate ester. Acetylation of free vaspin in solution resulted in a mass shift of ϳ1640 Da, indicating acetylation of all 39 lysines (Fig. 4A ), and fully acetylated vaspin was unable to bind heparin ( Fig. 5A ). CD spectroscopy did not show major changes in protein folding ( Fig. 4B ). Also, the detection of RCLcleaved serpin after incubation with KLK7 indicates that the native (RCL-exposed) conformation is still intact after acetylation ( Fig. 4C ), yet it clearly interferes with the serpin inhibition mechanism, probably by affecting RCL insertion. Native state stability is also decreased with a T m of 58°C (versus 70°C for the unmodified vaspin; Fig. 4D ) and results in increased temperature-induced polymerization ( Fig. 4E ).
Selective Labeling of Heparin-binding Lysine Residues-To locate the heparin binding site of vaspin and identify important residues, we then used a selective labeling approach, with acetylation of non-binding lysine residues while vaspin was bound to immobilized heparin, followed by biotinylation of the remaining free lysine residues after heparin removal. Selectively acetylated vaspin remained able to bind heparin, when rerun on a heparin column ( Fig. 5B ). Finally, heparin binding was lost after biotinylation of the remaining free lysine residues ( Fig. 5B ). Mass spectrometry demonstrated acetylation of ϳ31 lysine residues and biotinylation of ϳ8 lysine residues ( Fig. 6A ). Lysine residues were subsequently identified by MS analysis of tryptic peptides after tryptic digestion and isolation of biotinylated fragments ( Table 1 and supplemental Fig. 1 and Spectra S1-S8). Three independent selective labeling experiments resulted in the repeated identification of matching peptides and confirmed the selectivity and specificity of the labeling approach. Lys 22 and Lys 31 are located in the flexible N terminus (not shown in the structure), Lys 46 and Lys 62 in helix A, Lys 296 in helix H, and Lys 321 in helix I (Fig. 5C ). Lys 340 is in the loop region in the bottom of the molecule, and Lys 359 is located in strand s5A of central ␤-sheet A (Fig. 5C ).
Identification of Heparin-binding Residues of Vaspin-Next, we generated and expressed alanine mutants of all identified lysine residues. With the exception of K359A, mutation of candidate lysines identified by the selective labeling approach had no significant effect on heparin binding when analyzed by affinity chromatography (Fig. 6 , B and C). We observed a shift of ϳ100 mM NaCl needed for elution from immobilized heparin for the K359A mutant compared with the wild type ( Fig. 7A and Table 2 ). Mutation of the neighboring arginine residue Arg 211 additionally decreased relative heparin affinity and resulted in a shift of ϳ150 mM NaCl compared with the wild type ( Fig. 7A and Table 2 ). We were not able to obtain soluble monomeric protein for any vaspin variant bearing the neighboring R310A mutation (R310A, R310A/K359A, and R211A/R310A/K359A; data not shown).
Heparin Binding of Cleaved (RCL Inserted) Vaspin-Because Arg 211 and Lys 359 are located in s3A and s5A, respectively, insertion of the RCL after cleavage will separate the heparinbinding residues. We used the inactive substrate mutant A369P incubated with KLK7 to generate pure cleaved vaspin. Cleaved vaspin A369P showed a reduced heparin affinity, comparable with the R211A/K359A mutant ( Fig. 7B ). Introduction of R211A and K359A mutations into the A369P mutant (R211A/ K359A/A369P) resulted in an additional decrease of heparin affinity after cleavage ( Fig. 7B ). MST data also clearly reflected the reduced affinity. LMWH enoxaparin was bound with a K D of 1 M by the R211A/K359A/A369P mutant, a 10-fold reduction compared with wild type vaspin ( Fig. 8A) .
Role of N-terminal Basic Residues in Heparin Binding-Two N-terminal lysine residues were identified in the selective labeling experiment, but mutation of both resulted in no marked changes in heparin affinity of vaspin. KLK7 also cleaves recombinant vaspin after Tyr 30 , resulting in loss of the N-terminal His tag and vaspin residues Lys 22 -Tyr 30 (4) . We therefore used the R302E mutant, which due to the negative charge at the exosite for KLK7 is not cleaved within the RCL, but only at the N terminus. We noted a significant decrease of heparin affinity for vaspin (R302E or wild type) devoid of its N-terminal residues ( Fig. 7C ). Because all experiments were performed using buffers with pH Ͼ7.8 and thus above the pK a values for histidine resi- dues (pK a 6.0 -7.0), a significant influence of the poly-His tag can be excluded. To determine whether basic N-terminal residues Lys 22 , Lys 31 , and Arg 28 participate in heparin binding, we generated the triple mutant K22A/R28A/K31A. Heparin affinity of this mutant was as wild type ( Fig. 7D ). Furthermore, cleavage of the His tag sequence using the intrinsic factor Xa cleavage site and generating vaspin(22-414) also had no apparent effect on heparin affinity (Fig. 7D ). These results demonstrate that the N-terminal basic residues of vaspin do not interact with the heparin chain.
Mutation of Basic Residues in Sheet A Decreases Heparin Acceleration of KLK7 Inhibition-Heparin-mediated acceleration of KLK7 inhibition by vaspin was significantly reduced for K359A mutants in comparison with the wild type vaspin ( Fig. 9 , . C, the reaction of vaspin (WT or acetylated) and KLK7 with and without 12.5-fold UFH was analyzed at the indicated time points for up to 120 min. For WT, heparin accelerates complex formation. For lysine-acetylated vaspin, complex formation is minimal after 120 min, and the majority of serpin is RCL-cleaved. D, thermal unfolding of WT and lysine-acetylated vaspin from single samples observed by far-UV CD at 208 nm at a heating rate of 50°C/h revealed reduced thermal stability after lysine acetylation. E, SDS-PAGE analysis of polymerization for vaspin (WT or acetylated) after a 60-min incubation at 70°C.
A and B). Whereas uncatalyzed reaction rates were unchanged (k obs ϭ 7.3 Ϯ 0.6 mM Ϫ1 ⅐ s Ϫ1 for WT versus k obs ϭ 7.3 Ϯ 1.5 mM Ϫ1 ⅐ s Ϫ1 for R211A/K359A), heparin-induced rate acceleration was reduced by 40% for the R211A/K359A mutant (k obs,UFH ϭ 31.5 Ϯ 1.8 mM Ϫ1 ⅐ s Ϫ1 (WT) versus k obs,UFH ϭ 19.3 Ϯ 1.4 mM Ϫ1 ⅐ s Ϫ1 (R211A/K359A)). Both mutations had no effects on protein folding, thermal stability, and inhibitory activity ( Fig. 8, B-D) . Together, the removal of these two basic residues clearly decreased, but did not eliminate, heparin binding or acceleration of the serpin-protease reaction. Importantly, the loss of the N-terminal residues did not affect heparin acceleration of KLK7 inhibition (Fig. 9C) .
NaCl Solubilization of Vaspin from Extracellular Matrix of Keratinocytes-To address the physiological relevance of the vaspin GAG interaction, we tested whether vaspin is bound and localized on the cell surface or in the extracellular matrix of a Fully acetylated protein did not bind on the heparin column. After on-column (specific) acetylation, vaspin was still able to bind heparin, confirming specific labeling. Finally, heparin binding was lost after biotinylation of remaining free lysine residues. C, ribbon diagrams of vaspin are presented in the classic view (right) and rotated by 180°(left). Helices are in red, and sheets are in cyan. Candidate lysine residues identified by mass spectrometry are labeled and presented as yellow sticks. FIGURE 6. Heparin binding is not changed after mutation of most candidate lysine residues identified via selective labeling. A, linear mode MALDI-TOF mass spectra of WT, selectively acetylated, and biotinylated vaspin. Shown and labeled are the [M ϩ H] ϩ peaks. The mass differences indicate acetylation of ϳ31 lysine residues and biotinylation of ϳ8 lysine residues. B and C, heparin affinity chromatography of T365R in combination with lysine residues identified using the selective labeling experiment. Elution via a NaCl gradient (black dotted line) was monitored at 220 nm.
TABLE 1 Selectively biotinylated tryptic vaspin peptides identified by mass spectrometry
Peptides are sorted according to the residue number of the lysine residue. Peptides were sequenced by MS/MS, and peak lists were searched against the SwissProt database to identify peptide fragments. vaspin-overexpressing HaCaT cell line. This skin cell line has been generated recently to investigate anti-inflammatory effects of vaspin in skin and obesity-related inflammatory skin diseases, such as psoriasis (11) , and expresses and secretes significant and readily detectable amounts of vaspin ( Fig. 10A ). Cells were treated with heparinase I, 1 M NaCl, or Triton X-100, and vaspin content was determined by ELISA in the cell supernatants. In comparison with untreated HaCaT cells, incubation with 1 M NaCl increased vaspin concentrations in cell supernatants ϳ4-fold (Fig. 10B) . Incubation with heparinase resulted in a marked increase of vaspin concentration of ϳ3-fold (Fig.  10B ). To estimate intracellular vaspin, we also permeabilized cells using 1% Triton X-100, which resulted in a dramatic ϳ25fold increase of detectable vaspin in the supernatants (Fig. 10B ).
Labeled
Discussion
In this study, we have investigated GAG binding of vaspin and identified important residues for heparin binding using a selective labeling approach. We have shown previously that both vaspin and its target protease KLK7 are heparin binding molecules (15) . Microscale thermophoresis revealed high affinity binding of heparin by vaspin (K D ϭ 21 nM), which is comparable with that of plasma AT (K D ϭ 10 nM (18)) and protein Z-dependent protease inhibitor (K D ϭ 25 nM (19)). Binding of LMWH enoxaparin by vaspin is strong as well (K D ϭ 99 nM), although 10-fold weaker compared with UFH, and we observed no binding of a defined heparin octasaccharide. Heparin chain lengths of enoxaparin range from 4 to 24, but the majority of chains are of Ͻ20 saccharide units (20) , and the lower affinity of vaspin for enoxaparin may be simply explained by the longer chain length of UFH (ϳ50 saccharide units on average).
Enoxaparin is prepared via ␤-eliminative cleavage of the heparin benzyl ester by alkaline treatment, and the affinity of vaspin for LMWH prepared by other methods (e.g. by heparinase treatment, deaminative cleavage, or oxidative depolymerization) may differ. Also, fractionation of heparin according to vaspin affinity may result in the identification of a vaspin-specific GAG sequence. However, until now, AT remains the only serpin where a specific sequence is known.
The heparin-induced acceleration of KLK7 inhibition by vaspin is dose-dependent with a bell-shaped dose-response curve (15) . This indicates a major contribution of the template effect of longer heparin chains to the acceleration of the vaspin-KLK7 reaction, FIGURE 7 . Mutation of basic residues of central ␤-sheet A as well as RCL insertion decrease heparin binding of vaspin. Heparin binding vaspin and mutants was assessed by heparin affinity chromatography using a NaCl gradient (black dotted line). A, Elution profiles of WT, K359A, and R211A/K359A vaspin were monitored at 220 nm. Relative heparin affinity is significantly lower for the vaspin mutants. B, elution profiles of WT and A369P compared with cleaved A369P and R211A/K359A/A369P. RCL insertion reduces heparin binding, and this is only slightly more pronounced for the mutant lacking the heparin binding residues of central ␤-sheet A. C, elution profiles of WT, N-terminally cleaved WT, and R302E as well as cleaved WT vaspin. D, elution profiles of WT, K22A/R28A/ K31A, and His tag-cleaved (K22A/R28A/K31A ϩ FXa) and N-terminally cleaved (WT ϩ FXa) vaspin. Loss of N-terminal basic residues as well as loss of His tag sequence do not influence heparin binding of vaspin. whereby binding of one heparin chain by both the serpin and the protease induces spatial proximity and an increase in reaction rate. Notably, enoxaparin did not accelerate KLK7 inhibition; thus, heparin chain lengths of Ͼ20 saccharide units are required for the accelerating bridging mechanism. This is similar to other serpinprotease combinations dependent on longer heparin chains for rate acceleration, such as AT-factor X1, AT-thrombin, or ZPIfactor Xa (Ͼ18 units) (21) (22) (23) .
Any potential conformational changes in vaspin induced by heparin binding seem not to contribute to the heparin-induced acceleration of KLK7 inhibition by vaspin. Also, heparin binding did not obviously increase the serpin substrate pathway.
Glycosaminoglycan binding is primarily mediated by ionic interactions between positively charged side chains of arginine and lysine residues with the negatively charged sulfate groups of the GAGs (24) . For many heparin binding serpins, such as AT Fig. 1B) . B, far-UV CD spectra of vaspin WT, K359A, or R211A/K359A at 20°C are shown (collected in phosphate buffer, pH 7.8, 1.5 M). C and D, Coomassie-stained SDS gels of vaspin K359A (B) and R211A/K359A (D) mutants incubated with KLK7 for the indicated times. Complex formation is not affected by these mutations.
FIGURE 9. Mutation of basic residues of central ␤-sheet A reduces heparin acceleration of KLK7 inhibition by vaspin.
A, inhibition of KLK7 by vaspin WT or R211A/K359A with UFH was measured under pseudo-first-order conditions in a discontinuous assay (heparin/serpin ratio of 12.5). Presented is the relative increase in apparent second-order rate constant as x-fold over control (without heparin). B, top panel, complex formation of vaspin WT, K359A, and R211A/ K359A with KLK7 was analyzed by SDS-PAGE using a fixed molar ratio of serpin and KLK7 (1:3) incubated in the presence of increasing concentrations of UFH (0 -200-fold inhibitor) for 1 min. Only the complex bands from the SDS gels are shown. Bottom panel, densitometric quantification of complex band intensities in relation to the molar ratio of UFH to vaspin of SDS gels in B. The reference band intensity is WT vaspin without heparin. A bell-shaped curve was obtained, but the increase was reduced in comparison with WT for the mutants. C, heparin-induced acceleration of complex formation between vaspin and KLK7 analyzed by SDS-PAGE. A clear and comparable increase in complex band intensity was observed for the serpin-protease reaction with the addition of a 12.5-fold excess of UFH for the full-length vaspin (left gel) and the N-terminally cleaved variant (right gel). (25) , PAI (26), HC II (27) , and protease nexin 1 (28) , the heparin binding region is located at helix D and at the beginning of helix A, whereas PCI binds heparin primarily with basic residues in helix H and also helix D (29, 30) . In vaspin, helix D does only contain a single lysine (Lys 110 ), with two proximal basic residues Lys 40 and Arg 42 in helix A. Although the constellation of these residues is somewhat similar to the location of the most important heparin-binding residues in AT (Arg 47 , Lys 125 , and Arg 129 (25, 31) ), mutation of these residues did not affect heparin binding of vaspin. Also, the mutation of basic residues surrounding helix H and D (as for the PCI heparin binding site) did not result in decreased heparin affinity. Together, none of these residues seem to contribute to high affinity heparin binding of vaspin. In kallistatin, the heparin binding site has been located between helix H and ␤-sheet C (32). This cluster of positively charged residues (K307A/R308A and K312A/K313A, all in s2C) also represents an important exosite for target protease recognition (33) . For kallikrein inhibition by kallistatin, the accessible exosite is critical, and obstruction due to heparin binding suppresses kallistatin activity. The corresponding vaspin residue (Arg 302 ) is also an important exosite for KLK7 inhibition (15), although it is not part of a heparin binding site in vaspin, because heparin affinity is not altered for the R302A vaspin mutant, and heparin binding does clearly accelerate protease inhibition (Fig. 3, A and B) .
We then used the selective labeling approach to identify candidate lysine residues from among the total of 39 in human vaspin. The only basic residues identified via this approach (Lys 359 and Arg 211 ) that clearly affected heparin binding of vaspin are located in the center of a cluster comprising basic residues of the shutter and breach region of central ␤-sheet A (Fig. 11A) . Mutation of these two residues reduced affinity for heparin by 10-fold (Fig. 8A) . A further indication for heparin binding at this site is the prominent reduction of heparin affinity after insertion of the RCL into the central ␤-sheet A. On one hand, the RCL insertion as strand s4A between strands s5A (Lys 359 ) and s3A (Arg 211 ) results in spatial separation of these binding residues. Second, the crystal structure of cleaved vaspin revealed that the RCL hinge region residue Glu 366 , as part of the newly formed s4A, is placed directly between Arg 211 and Lys 359 (34) and thus could interfere with heparin binding at this site (Fig. 11B) .
Vaspin is a highly basic protein (net charge of ϩ10 and a pI of ϳ9.3), yet surface charge distribution reveals only one very prominent patch of basic residues (Fig. 11C) . Notably, vaspin is the only human serpin with a basic residue at the position of Lys 359 , whereas an acidic residue (glutamate or aspartate) is highly conserved in the serpin family (34) . In the cleaved form of vaspin, this basic patch is considerably narrowed (Fig. 11D ). Because mutation of Lys 359 and neighboring Arg 211 did not fully prevent heparin binding, more basic residues within the cluster (Lys 131 , Lys 188 (next to helix F), Arg 310 , and Arg 363 ) or elsewhere are contributing to heparin binding. N-terminal basic residues have been reported to contribute to heparin binding of AT (25) , and also cleavage of vaspin N-terminal residues resulted in a marked decrease in heparin affinity. But both mutation of all basic N-terminal residues of vaspin in question (Lys 22 , Arg 28 , and Lys 31 ) and cleavage of the His tag sequence did not alter heparin binding. Vaspin N-terminal residues are highly flexible (4), and the presence of these additional nine residues may alter heparin affinity by supporting or facilitating heparin binding at the high affinity binding site via interactions with other vaspin residues or domains such as helix F (Fig. 11A) .
Importantly, heparin binding at the residues Lys 359 and Arg 211 is relevant for heparin activation of vaspin. Mutation of these residues reduced heparin-induced rate acceleration by ϳ40%, whereas the uncatalyzed inhibition reaction rate is identical to wild type vaspin. In contrast, N-terminal residues contributing to heparin binding are not relevant for rate acceleration via the bridging mechanism. In general, it is remarkable that heparin binding at this region does not hinder but accelerates the serpin inhibition mechanism. Practically, it would be expected that binding of a heparin molecule at ␤-sheet A should obstruct RCL insertion and thus the serpin inhibition mechanism. The conformational changes after RCL cleavage must be accompanied by release or repositioning of the heparin chain, and this must be fast enough for efficient inhibition. Nevertheless, it very likely explains the moderate activation effect of only ϳ5-fold versus up to 1000-fold for serpins binding heparin chains in the D helix.
Previously, studies have reported cell surface localization of vaspin. It has been found enriched on the cell surface of H-4-II-E-C3 cells and in plasma membrane fractions of liver tissue in vaspin transgenic mice (5) . There, it is thought to ameliorate hepatic oxidative stress via interaction with the endoplasmic reticulum chaperone GRP78. Furthermore, in liver cells, vaspin was found colocalized with ␣-2-macroglobulin, a major inhibitor of ECM-degrading matrix metalloproteases.
To investigate the biological relevance of the vaspin-heparin or heparan sulfate (HS) proteoglycan interaction, we used recently established vaspin-overexpressing HaCaT cells as a model system. In HaCaT cells, we found that ϳ75% of the secreted vaspin was bound and retained on the cell surface. Heparinase treatment did result in a ϳ3-fold increase in vaspin concentration. On one hand, higher vaspin levels measured after the NaCl wash may be a result of heparinase I specificity, which degrades heparin and higher sulfated domains of HS. Vaspin binding to highly sulfated domains could thus hinder enzymatic digestion. On the other hand, a further increase of vaspin release using 1 M NaCl probably indicates that vaspin is also bound to other components of the extracellular matrix or to other proteins on the cell surface, as suggested by the finding of the vaspin-GRP78 interaction (5) . Together, these data demonstrate that vaspin, at least in part, is localized in the ECM via interactions with the HS proteoglycan in HaCaT cells. The amount of vaspin retained in the ECM may vary in different cells and tissues.
Together, these results demonstrate that basic residues of vaspin's central ␤-sheet A contribute to heparin binding and activation of vaspin by the bridging mechanism. Furthermore, via this interaction, vaspin is bound to the extracellular matrix and probably also interacts with further molecules on the cell surface. For many studies reporting vaspin effects on adipocytes, endothelial cells, smooth muscle cells, keratinocytes, and immune cells in the skin, the mechanisms of signal transduction from the extracellular serpin into the cell remain unclear. Binding to glycosaminoglycans on cell surfaces may direct and regulate vaspin interaction with target proteases or other proteins and play an important role in the various beneficial functions of vaspin in different tissues. Thus, our findings give novel insight into vaspin signaling. mM Tris, 150 mM NaCl, pH 8.5). To analyze the effect of GAGs on the vaspin-KLK7 reaction, complex formation assays were performed in the presence of UFH, dp8, fondaparinux, enoxaparin, CS, and DS, and reactions were stopped after 1 min of incubation. Molar ratios of GAG to vaspin ranged from 0.1 to 200. For the R302A mutant, reactions were stopped after 30 min due to the slow reaction rate. After densitometric analysis, complex band intensities were normalized to the reaction without GAG.
Heparin Affinity Chromatography-For each mutant, 200 g of recombinant protein were run on 1-ml HiTrap heparin HP columns on the ÄKTA protein purification system (both from GE Healthcare, Freiburg, Germany). Elution was performed using an NaCl gradient from 150 mM to 2 M (flow rate, 0.75 ml/min) and monitored at 220 nm.
CD Spectroscopy-CD spectra were recorded on a J-715 spectropolarimeter (Jasco, Tokyo, Japan) as described previously (15) .
Lysine Acetylation and Selective Labeling-Primary amines were modified using sulfo-NHS-acetate (Thermo Scientific). For full lysine acetylation, 10 nmol of recombinant vaspin was incubated with a 1000-fold molar excess of sulfo-NHS-acetate in PBS for 90 min at room temperature. Acetylation reactions were stopped by the addition of Tris to a final concentration of ϳ200 mM and subsequently dialyzed against Tris buffer.
Selective labeling was achieved as described by Ori et al. (36) with minor changes to the protocol. Vaspin mutant T365R was used in selective labeling experiments because this mutant has a low tendency for aggregate formation. For selective acetylation, 250 g (ϳ5 nmol) of vaspin was incubated with 40 l of heparin-Sepharose bead slurry (Toyopearl AF-Heparin HC-650 M from Tosoh Biosciences GmbH, Stuttgart, Germany) in a total volume of 250 l of PBS for 10 min at room temperature with gentle agitation. After washing the beads with PBS three times, remaining solvent-accessible lysine residues were acetylated by the addition of 1.5 mg (5.8 mol) of sulfo-NHS-acetate in 400 l of PBS. After 10 min, the acetylation reaction was stopped by the addition of Tris to a final concentration of 200 mM. Beads were washed four times with PBS, and vaspin was released in three incubation steps with PB buffer containing 2 M NaCl. Supernatant fractions containing protein were pooled and extensively dialyzed against PBS. Before final biotinylation of lysine residues, the approximate number of acetylated lysine residues was analyzed by MALDI-TOF-MS.
Subsequently, acetylated protein was incubated with a 200fold molar excess of EZ-Link sulfo-NHS-biotin (Thermo Scientific) for 30 min at room temperature in PBS buffer. Reactions were stopped by the addition of Tris to a final concentration of 200 mM and dialyzed against 10-fold diluted PB. Three selective labeling experiments were analyzed by MALDI-TOF MS after tryptic digestion of selectively labeled vaspin.
Tryptic Digestion and Isolation of Biotinylated Peptides-After dialysis, labeled proteins (100 g) were digested using Trypsin Gold and ProteaseMAX TM surfactant (according to the manufacturer's protocol; Promega). For isolation of biotinylated peptides, 200 l of streptavidin-agarose resin (50% slurry; Thermo Scientific) was equilibrated three times with 5 CV of 25 mM NH 4 HCO 3 , pH 7.9. Tryptic peptides were incubated with the streptavidin beads for 15 min, and beads were washed four times with 5 CV of 25 mM NH 4 HCO 3 , pH 7.9, followed by four times with 5 CV of ultrapure water. Elution of biotinylated peptides was performed in three steps (1.5, 2, and 5 CV) with 75% acetonitrile, 0.1% TFA, 5 mM biotin. Finally, acetonitrile was removed in a SpeedVac vacuum concentrator (Thermo Scientific).
MALDI-TOF Mass Spectrometry-Biotinylated peptides were concentrated and desalted using ZipTip C18-filter tips (Millipore) and analyzed by MALDI-TOF MS and MS/MS using LIFT mode on a Bruker Ultraflex III MALDI TOF/TOF mass spectrometer. Peak lists of combined MS and MS/MS spectra were searched against the SwissProt database using BioTools software (Bruker) and the Mascot search engine (Matrix Science, London, UK) to identify peptide fragments. The following parameters were used for database searches: species, Homo sapiens; enzyme, trypsin; monoisotopic masses; optional modifications, lysine acetylation and lysine biotinylation; mass tolerance MS, 100 ppm; mass tolerance MS/MS, 0.5 Da; maximum missed cleavage sites, 2.
NaCl Extraction of Cell Surface-bound Vaspin-Vaspinoverexpressing HaCaT cells (11) , seeded in 12-well plates and grown to confluence, were washed once with 1 ml of Tris buffer (20 mM Tris, 50 mM NaCl, 4 mM CaCl 2 , pH 7.5) and then incubated with 250 l of Tris buffer containing either 2 units/ml heparinase I (Sigma-Aldrich) for 1 h, 1 M NaCl for 10 min, or 1% Triton X-100 for 15 min at 37°C. As controls, cells were incubated in Tris buffer only for 1 h at 37°C. After incubation, cell culture supernatants were centrifuged (15 min at 37°C, 15,000 ϫ g). To prevent inefficiency of antibody recognition for vaspin still bound to GAG fragments, NaCl concentrations were adjusted to 500 mM in all cell supernatant samples before vaspin content was determined using the Vaspin (human) ELISA kit.
